Tracheary element differentiation requires strict coordination of secondary cell wall synthesis and programmed cell death (PCD) to produce a functional cell corpse. The execution of cell death involves an influx of Ca 2؉ into the cell and is manifested by rapid collapse of the large hydrolytic vacuole and cessation of cytoplasmic streaming. This precise means of effecting cell death is a prerequisite for postmortem developmental events, including autolysis and chromatin degradation. A 40-kD serine protease is secreted during secondary cell wall synthesis, which may be the coordinating factor between secondary cell wall synthesis and PCD. Specific proteolysis of the extracellular matrix is necessary and sufficient to trigger Ca 2؉ influx, vacuole collapse, cell death, and chromatin degradation, suggesting that extracellular proteolysis plays a key regulatory role during PCD. We propose a model in which secondary cell wall synthesis and cell death are coordinated by the concomitant secretion of the 40-kD protease and secondary cell wall precursors. Subsequent cell death is triggered by a critical activity of protease or the arrival of substrate signal precursor corresponding with the completion of a functional secondary cell wall.
Most terminally differentiated cells fulfill specialized functions until they die, but for some cell types, function does not begin until after death. The developmental programs producing such functional cell corpses involve the coordination of cell differentiation with PCD. For example, the outermost layer of human skin is composed of specialized cell corpses (squams) derived from subtending keratinocytes. During terminal differentiation the surfacemigrating keratinocytes undergo a process of cornification that involves the synthesis of specialized keratin proteins and extensive protein cross-linking (Rice and Green, 1977) . This process is coordinated with PCD (Polakowska et al., 1994) and ultimately produces a tough, flattened cell corpse that serves a protective function.
The classic example of terminal differentiation in plants is the TE, a functional cell corpse that forms a single unit of the water-conducting vessels of the xylem. We previously used a cell-culture system in which mechanically isolated mesophyll cells differentiate as TEs in vitro to characterize morphological changes during PCD of TEs (Groover et al., 1997) . During differentiation the living TE constructs a rigid, interlacing secondary cell wall between the primary cell wall and the plasma membrane. Secondary cell wall synthesis is accompanied by the synthesis of nucleases and proteases (Thelen and Northcote, 1989; Minami and Fukuda, 1995; Ye and Droste, 1996; Ye and Varner, 1996; Beers and Freeman, 1997) , vacuolization of the cytoplasm (Groover et al., 1997) , and influx of Ca 2ϩ (Roberts and Haigler, 1989, 1990 ). An average of 6 h after secondary cell wall thickenings become visible, the large central vacuole collapses rapidly, cytoplasmic streaming ceases abruptly, and the contents of the hydrolytic vacuole mix with the cytoplasm (Groover et al., 1997) . Enzymatic degradation of the cell contents ensues and nDNA degradation can be detected in single cells with TUNEL both in vitro (Groover et al., 1997) and in vivo (Mittler and Lam, 1995a, 1995b) . Individual cells in culture can complete differentiation in the absence of direct contact with other cells, demonstrating that the hydrolysis of the cell contents is a cellautonomous process (Groover et al., 1997) .
The molecular mechanisms controlling TE differentiation are largely unknown, but the nature of the differentiated cell argues that secondary cell wall synthesis must be coordinated with PCD. A continuous column of water is drawn through the center of interconnected TE corpses by a tensile force generated from transpiration. As a result, the secondary cell wall must resist large (Ͻ1 MPa) negative pressures (Holbrook et al., 1995; Pockman et al., 1995) . Furthermore, incomplete autolysis would leave cellular debris that could directly occlude a vessel or nucleate vessel cavitation. Although further wall modifications may occur after cell death, secondary cell wall synthesis and preparation for autolysis is accomplished by the living protoplast. Failure or mistiming of PCD relative to secondary cell wall synthesis would produce a nonfunctional corpse, which could occlude a length of vessel and cause detrimental ramifications beyond the single cell.
The importance of PCD during the life cycle of plants is well established (for review, see Greenberg and Sussex, 1996; Jones and Dangl, 1996; Pennell and Lamb, 1997) , although the underlying molecular mechanisms are poorly defined. Investigations have been hindered by the inability to identify and distinguish central morphological or molecular PCD events from confounding concurrent developmental events, and no basal PCD machinery has yet been identified in plants analogous to the well-defined caspase pathway for apoptosis in animals (Cohen, 1997) . Although the evolutionary relationship of plant and animal PCD is uncertain, the examination of plant PCD can be guided by a few fundamental questions established by animal cell death research: What are the signals initiating cell death? Is cell death the result of suicide or murder? How is cell death executed? And how is the cell corpse processed?
As in animal systems, there are indications that the signals initiating PCD in plants vary among cell types. Developmental programs culminating in cell death are initiated by ethylene in aerenchyma formation (He et al., 1996) , by GA 3 in aleurone cells (Wang et al., 1996) , and by auxin in TEs (Dalessandro and Roberts, 1971) , although it is not clear if these hormones modulate PCD directly or if they initiate developmental programs in which PCD is a subroutine. The extracellular matrix is an important component of at least some types of plant PCD. The hypersensitive response involves the PCD of plant cells surrounding sites of pathogen ingress (Dangl et al., 1996) , and can be induced by protein or carbohydrate "elicitor" molecules derived from the cell walls of the plant or pathogen (Ebel and Cosio, 1994; Dobinson et al., 1997) . Cell wall degradation is also involved in the PCD of aerenchyma, aleurone, suspensor, TE, and tapetal cells, but except for the regulatory role of hypersensitive-response elicitors, cell wall degradation has been assumed to be a downstream consequence of these types of plant PCD. In contrast, the extracellular matrix has been identified as a regulatory component of various types of PCD in animals (see "Discussion").
For a cell to "commit suicide," catabolic processes must overwhelm the metabolic processes that normally sustain it. Although it is not known how this is regulated by plant cells, most if not all animal cells irreversibly commit to (execute) PCD through the action of the caspase family of Cys proteases (Nicholson and Thornberry, 1997) . Although protease activity in plants has been correlated with developmental events culminating in PCD, including the hypersensitive response (Levine et al., 1996) and TE cell autolysis (Minami and Fukuda, 1995; Ye and Varner, 1996; Beers and Freeman, 1997) , it is not known if proteolysis plays a role in regulating or executing cell death.
The fate of the cell corpse varies among different types of animal PCD (Clarke, 1990) , but is accomplished during one type, apoptosis, by fragmentation of the cell into membrane-bound "apoptotic bodies" that are engulfed and degraded by other cells (Kerr et al., 1972) . The fate of the cell corpse also varies among different types of plant PCD. In aerenchyma cell death the entire cell, including the cell wall, is degraded, whereas during the hypersensitive response the cell corpse collapses or is crushed by surrounding tissue. In TE cell differentiation, the secondary cell wall persists while the cytoplasm of the cell is degraded by an autolytic process (Groover et al., 1997) .
We present evidence that cell death during TE differentiation is controlled by a signaling mechanism coordinated with secondary cell wall synthesis. We correlate cell death with the secretion of a 40-kD Ser protease and provide data implicating this protease as a primary trigger of cell death. Execution of cell death requires an influx of Ca 2ϩ , and is morphologically marked by collapse of the hydrolytic vacuole and the mixing of the vacuole with the cytoplasm. We propose a model in which execution of cell death is coordinated with completion of a functional secondary cell wall by the requirement of either a critical extracellular concentration of protease or the arrival of a substrate whose proteolytic cleavage produces a signaling product.
MATERIALS AND METHODS
Seedlings of zinnia (Zinnia elegans L. cv Green Envy; Stokes Seed, Buffalo, NY) were grown in a growth chamber at 25°C and 60% RH with 14 h of light (110 mol photons m Ϫ2 s Ϫ2 ) per day. Approximately 60 leaves were harvested 12 to 15 d after sowing and surfaced sterilized with 0.525% sodium hypochlorite and 0.01% Triton X-100 for 1 min, transferred to 0.118% sodium hypochlorite and 0.01% Triton X-100 for 10 min, and then repeatedly rinsed with sterile distilled water. The leaves were macerated for 30 s in the medium described by Fukuda and Komamine (1980) using a rheostat-controlled blender (model 7011S, Waring) and the minimum speed necessary to shred the leaves and release living mesophyll cells. The mesophyll cells were isolated from the shredded leaf pieces and organelles by filtration through a 50-m-mesh nylon filter, followed by two rounds of low-speed centrifugation.
The isolated cells were cultured in 250-mL Erlenmeyer flasks containing 50 mL of the medium described by Fukuda and Komamine (1980) containing the plant-growth regulators ␣-naphthalene-acetic acid (0.1 mg L Ϫ1 ) and 6-benzylaminopurine (0.2 mg L Ϫ1 ). Vital staining with fluorescein diacetate, detection of DNA fragmentation with TUNEL, and video microscopy were performed as described by Groover et al. (1997) . For estimation of the percentage of divided cells, cells were stained with Calcofluor white (0.01%) and divided cells were identified by the presence of one or more cell walls separating daughter cells. Staurosporine and A23187 were purchased from Calbiochem; trypsin (crystallized three times) was from Worthington Biochemicals (Freehold, NJ); Mas 7 and Mas 17 were synthesized and purified by the Peptide Synthesis Facility of the University of North Carolina at Chapel Hill. Peptide composition was checked by MS. All other drugs and reagents of the highest available purity were purchased from Sigma. All experiments were repeated at least once with similar results. Intracellular proteins were isolated by homogenizing cells in extraction buffer (50 mm Tris-HCl, pH 7.5, 2 mm DTT, 250 mm Suc) at 4°C, followed by centrifugation at 12,000g at 4°C for 15 min to pellet cell debris. For concentration of proteins from the medium, cultures were centrifuged twice to remove cells, and the supernatant was passed through a 2-m filter. The proteins in the filtered supernatant were concentrated at 4°C using a pressure cell concentrator (Amicon, Beverly, MA) with a 10-kD cutoff filter (YM10, Amicon).
Protein concentrations were estimated using the method of Bradford (1976) . Protein samples were mixed with an equal volume of the sample buffer described by Ye and Droste (1996) without heating and loaded onto 0.75-mmthick 12% SDS acrylamide gels containing heat-denatured gelatin (0.1 mg mL Ϫ1 ), and electrophoresed as described by Laemmli (1970) . For expression of protease activity, gels were incubated overnight at room temperature in 50 mL of 50 mm sodium citrate, pH 5.0, 5 mm DTT, 5 mm CaCl 2 , and 1 mm ZnCl 2 . For determination of pH optima, the activity buffer pH was adjusted as described by Ye and Droste (1996) . The next day, gels were rinsed for 5 min three times with distilled water, and then silver stained as described by Blum et al. (1987) . Protease activities were identified by hydrolysis of the gelatin substrate, which produced clear bands against the uniform background staining of the copolymerized gelatin.
RESULTS

Cell Death Is Marked by the Rapid Collapse of the Vacuole and Leads to Autolysis and nDNA Fragmentation
Cultures were initiated from mesophyll cells mechanically dissociated from leaves of zinnia seedlings, as shown in Figure 1A . Typically, 10% to 35% of the cells are killed by the isolation procedure and 15% to 60% of the isolated cells differentiate as TEs (Fig. 1B) . The first morphological manifestation of differentiation occurs approximately 72 h after isolation, when nascent TEs synthesize an elaborate secondary cell wall between their primary cell wall and the plasma membrane (Fig. 1C) . Approximately 6 h after the appearance of visible cell wall thickenings, the large central vacuole collapses rapidly and cytoplasmic streaming ceases simultaneously (Groover et al., 1997) , marking the irreversible termination of normal metabolism and providing a distinct morphological marker of a critical event during PCD, the execution of cell death (video microscopy of vacuole collapse can be viewed at http://www.unc. edu/depts/biology/joneslhp/pcd/). The contents of the hydrolytic vacuole mix with the cytoplasm (Fig. 1, D and E), leading to active degradation of organelles by hydrolytic enzymes synthesized during differentiation. nDNA is degraded and can be assayed in individual cells using TUNEL ( Fig. 1F ) (Groover et al., 1997) , an in situ labeling method.
The Process Executing Cell Death Influences Postmortem Development and Is Distinct from Necrosis
The immediate question centers on the significance of cell death during PCD. Specifically, does the endogenous mechanism used to end normal metabolism (i.e. to execute cell death) significantly influence postmortem developmental events, including autolysis? A related question is whether vacuole collapse and DNA fragmentation (assayed by TUNEL) discern PCD from necrotic death under our experimental conditions. We reasoned that these questions could be addressed directly by treating cultures containing nascent TEs (before the onset of cell death during PCD) with drugs that modulate specific components of cell signaling or metabolic pathways and assaying for premature collapse of the vacuole and TUNEL.
Among the various drugs tested, only mastoparan induced significant numbers of cells to prematurely fragment nDNA, as shown in Figure 2 . Concentrations of other drugs tested included lethal doses, but did not induce DNA fragmentation detectable with TUNEL, immediately suggesting that cell death must be executed in a specific fashion for postmortem DNA fragmentation to occur, and showing that TUNEL is a robust marker of PCD in this system. Mastoparan is an activator of heterotrimeric G-proteins that stimulate enzymes or ion channels in response to ligand-mediated receptor activation in both animals and plants (e.g. Legendre et al., 1992; Munnik et al., 1995) .
Mastoparan activates an endogenous process required for the rapid collapse of the vacuole, leading to autolysis and fragmentation of DNA. Figure 3 shows that low levels of Mas 7, an active synthetic analog of mastoparan, and mastoparan-induced cell death and DNA fragmentation occur in a dose-dependent manner, whereas Mas 17, an inactive synthetic analog, had no effect above control levels, showing that the effects of mastoparan were specific and not attributable to contaminating substances. Other agents that killed cells with similar kinetics and efficacy as mastoparan did not induce DNA fragmentation. Sodium azide, an inhibitor of Cyt oxidase and thus a general inhibitor of metabolic respiration, also caused rapid, high levels of cell death but did not result in DNA fragmentation. Similarly, Triton X-100 and hydrogen peroxide, both of which would be expected to disrupt the plasma mem- Figure 2 . Premature nDNA fragmentation resulting from drug treatments. Aliquots of cultures containing nascent TEs (after synthesis of hydrolytic enzymes commenced, but before cell death during PCD) were treated with three different concentrations of the indicated agents. Concentrations used for each drug were established in preliminary experiments, with the lowest concentration causing little or no cell death and the highest causing significant cell death. Cells were incubated for 6 h to allow the drugs to exert their effects and to allow time for nuclease activity (if any) to produce detectable amounts of DNA fragmentation. Cells treated with different concentrations of the same agent were then combined and the percentage of cells exhibiting DNA fragmentation was determined using TUNEL. Combining samples allowed a larger number of drugs and concentrations to be surveyed. Drug treatments included the protein phosphatase inhibitor okadaic acid (OkA; 0.01, 0.04, and 0.08 M), the protein kinase inhibitor staurosporine (Staur; 1, 10, and 100 M), the protein synthesis inhibitor cycloheximide (CHX; 1, 10, and 100 M), the RNA synthesis inhibitor actinomycin D (ActD; 50 and 500 nM), the heterotrimeric G-protein activator mastoparan (Mas; 1, 2, and 5 M), the respiration inhibitor sodium azide (NaN 3 ; 4, 20, and 40 M), and sodium hypochlorite (bleach) (NaClO; 0.3, 3, and 6 mM). Control cells were not treated with drugs before labeling. Cells treated with DNAse 1 h after fixation and permeabilization as a positive control displayed 88% TUNEL positive cells. Cells processed without addition of terminal transferase did not label. Error bars (SE) represent the variation between two samples taken from the same culture and processed in parallel. brane, caused high levels of cell death without DNA fragmentation.
Furthermore, as observed with time-lapse videomicroscopy, 83% of cells (n ϭ 12) dying in response to mastoparan treatment displayed the rapid vacuole collapse characteristic of TE cell death within minutes of treatment, with cytoplasmic streaming ending instantaneously with collapse of the vacuole. Cells dying from hydrogen peroxide treatment (10 mm; n ϭ 6) gradually slowed cytoplasmic streaming without collapse of the vacuole; cells dying from sodium azide treatment (40 m; n ϭ 14) rapidly stopped cytoplasmic streaming but did not display vacuole collapse; cells dying from Triton X-100 treatment (0.02%; n ϭ 13) stopped streaming gradually, plasmolyzed, then showed dissolution of chloroplast membranes.
Mastoparan did not cause DNA fragmentation directly, and only cells differentiating as TEs fragmented DNA in response to mastoparan treatment. Cells cultured in medium without exogenous hormones did not differentiate as TE, undergo PCD, or fragment DNA in response to mastoparan treatment, as shown in Figure 4 . Cells induced to differentiate with hormones fragmented DNA in response to mastoparan treatment only after reaching a developmental stage within approximately 6 h before the appearance of secondary cell wall thickenings visible with light microscopy. Mastoparan induced a high rate of cell death in all of the cultures (data not shown), but the percentage of dying cells fragmenting DNA in response to mastoparan treatment was correlated with the percentage of cells differentiating as TEs (Fig. 4, inset) , suggesting that mastoparan treatment leads to DNA fragmentation only in cells differentiating as TEs. The ability of mastoparan to trigger premature vacuole collapse and DNA fragmentation suggests that it activates part of the endogenous mechanism that executes cell death. Because cell death was also induced in cells not differentiating as TEs, mastoparan must activate cellular components used during PCD that are not unique to differentiating TEs (probably Ca 2ϩ channels; see below).
Execution of Cell Death Requires Ca 2؉ Influx
The rapid collapse of the vacuole and the cessation of cytoplasmic streaming that occur during PCD of TEs and in response to mastoparan treatment likely represent changes in cell turgor and membrane potential that might be explained by ion flux across the plasma membrane. Consistent with this notion, pretreatment of cultures containing nascent TEs with either EGTA (to chelate extracellular Ca 2ϩ ) or La 3ϩ or ruthenium red (to inhibit Ca 2ϩ influx) reduced both cell death and DNA fragmentation resulting from mastoparan treatment, as shown in Figure 5 . The antagonistic effect on cell death by inhibiting Ca 2ϩ influx was limited, although the level of DNA fragmentation was reduced to near control levels. This may indicate that DNA fragmentation has a more stringent requirement for Ca 2ϩ influx than cell death during PCD. Regardless, these results indicate that mastoparan prematurely induces cell death during PCD by a mechanism requiring an influx of Ca 2ϩ into the cell, probably through plasma membrane channels. Figure 6 shows that imposing Ca 2ϩ influx directly is sufficient to prematurely initiate vacuole collapse leading to DNA fragmentation. Cultures containing nascent TEs Correlation of mastoparan-induced DNA fragmentation and TE differentiation. Cells cultured either in medium containing inductive levels of hormones (IND) supporting TE differentiation or in medium lacking hormones (NO HORM) (which does not support TE differentiation) were treated with 2.5 M mastoparan at the indicated times. The percentage of cells exhibiting DNA fragmentation was determined using TUNEL 6 h later. To determine the correlation between the percentage of cells differentiating as TE and the percentage of cells fragmenting DNA in response to mastoparan (inset), cells from two separate cell isolations (ࡗ and छ) were cultured in different media with hormone levels ranging from zero to fully inductive to cause variations in the percentage of cells differentiating as TEs. Cells were treated with 2.5 M mastoparan at the onset of differentiation and assayed for DNA fragmentation with TUNEL 6 h later. The percentage of TEs formed was determined for both sets of cultures after approximately 96 h of culture.
were treated with the Ca 2ϩ ionophore A23187. Cells in medium containing 1 mm CaCl 2 treated with A23187 died (approximately 55%) and fragmented DNA (approximately 20%), whereas about one-half as many cells treated with A23187 in medium lacking supplemental CaCl 2 died and fragmented DNA. A23187 (0.1 mm) caused vacuole collapse in 57% of dying cells (n ϭ 28) cultured in 1 mm CaCl 2 (videomicroscopy not shown).
TE Cell Death Can Be Manipulated by Extracellular Proteolysis
We envisioned that extracellular changes could coordinate cell wall synthesis and PCD. For example, the synthesis of a secondary cell wall between the primary wall and the plasma membrane could sever connections between the cytoskeleton and the extracellular matrix, which triggers cell death. Alternatively, the hydrolysis of the primary cell wall during TE differentiation could release a signal molecule triggering cell death, as during cell death in response to wall-derived elicitor molecules during the hypersensitive response. To test these possibilities, cultures containing nascent TEs were treated with exogenous hydrolytic enzymes targeting specific components of the extracellular matrix and assayed for cell death and DNA fragmentation.
Although several of the hydrolases tested caused an increase in the percentage of dead cells, only trypsin caused cell death leading to DNA fragmentation (Table I) . Moreover, trypsin (0.5%) caused vacuole collapse in 87% of killed cells (n ϭ 15) observed with time-lapse videomicroscopy (not shown). The observation that other proteases did not trigger DNA fragmentation suggested that specific proteolysis of the extracellular matrix is required to trigger cell death mimicking PCD of TEs.
Trypsin initiated cell death via an influx of Ca 2ϩ , which is consistent with the activation of the endogenous mechanism executing cell death. As shown in Figure 7 , trypsininduced death and DNA fragmentation were inhibited by chelating extracellular Ca 2ϩ with EGTA or by blocking Ca 2ϩ channels with La 3ϩ or ruthenium red. Trypsininduced death was also inhibited by soybean trypsin inhibitor (Fig. 7) , indicating that cell death resulted from the proteolytic activity of trypsin, not from contaminating substances. Selective inhibition of extracellular proteolysis specifically inhibited PCD. Cells at different points in development were treated with soybean trypsin inhibitor. As shown in Figure 8A , when present between 24 and 70 h of culture, soybean trypsin inhibitor did not cause necrosis or inhibit cell division, indicating that the inhibitor had negligible toxicity in this system. In contrast, soybean trypsin inhibitor present between 48 and 96 h effectively inhibited TE differentiation and PCD in a dose-dependent fashion (Fig. 8B) . The 21-kD soybean trypsin inhibitor would not be expected to cross the plasma membrane, suggesting that its inhibitory effects on TE cell death were exerted in the extracellular matrix.
A Ser Protease Is Secreted Coincident with PCD
A secreted protease whose properties implicated it as an activator of cell death was identified with substrate-activity gels (see "Materials and Methods"). As shown in Figure 9 , several intracellular proteases were recognized in protein preparations from cells, as in previous reports (Ye and Varner, 1996; Beers and Freeman, 1997) , whereas the activity of a unique protease of approximately 40 kD (Fig. 9A ) increased in the medium of cultures as PCD progressed. Although several strong protease activities were detected in intracellular protein samples, the 40-kD activity did not accumulate intracellularly, which is consistent with secretion. Leakage of intracellular proteases could be detected in the culture supernatants at later time points. However, leakage of protease from dying cells was not responsible for the 40-kD activity, because the abundant intracellular proteases showed little activity in the medium (Fig. 9A) .
The 40-kD protease was active at pH 5.0 but not at a more basic pH (Fig. 9B) , which is consistent with the wall pH in planta and in vitro (the culture medium pH was 5.5 at the time of culture initiation). Most importantly, the 40-kD protease was inhibited by soybean trypsin inhibitor (Fig. 9C) . The observations that (a) the 40-kD protease was the only detectable secreted protease (Fig. 9A); (b) the appearance of the 40-kD protease activity was coincident with PCD (Fig. 9A) ; and (c) soybean trypsin inhibitor inhibited both the endogenous TE PCD mechanism (Fig. 8) and the secreted protease (Fig. 9C) provide strong indirect evidence that the 40-kD Ser protease triggers TE cell death.
DISCUSSION
We have addressed two fundamental questions concerning TE differentiation: How is the synthesis of the secondary cell wall coordinated with PCD? And how does the cell execute cell death? We found that a principal part of the mechanism executing cell death is a regulated influx of Ca 2ϩ , probably through plasma membrane channels. Death is morphologically manifest by rapid collapse of the hydrolytic vacuole, mixing of the vacuole and the cytoplasm, and immediate cessation of cytoplasmic streaming. This endogenous mechanism does not simply terminate normal metabolism, but also creates an environment necessary for postmortem developmental events, including autolysis, to proceed. Vacuole collapse may result from either a transition from the gradual Ca 2ϩ influx shown to occur during secondary cell wall synthesis (Roberts and Haigler, 1989, 1990) to a rapid influx, or the activation of additional ion channels upon exceeding a threshold level of intracellular Ca 2ϩ . The coordination of secondary cell wall synthesis and PCD begins well in advance of the execution of cell death, with the approximately concurrent commencement of secondary cell wall synthesis and the production of hydrolytic enzymes. All of the inhibitors shown to block PCD also block secondary cell wall synthesis, suggesting that these developmental programs are not only concurrent, but molecularly interdependent. However, we were able to implicate a 40-kD Ser protease as a key coordinating factor by exploiting PCD-specific markers that report cell death independently of cell wall synthesis. The protease was secreted by cells coincident with PCD, and the protease and cell death were both inhibited by soybean trypsin inhibitor. Execution of cell death can be triggered prematurely by exogenous application of another Ser protease, trypsin, which presumably mimics the action of the endogenous protease.
A simple model describes the coordination of cell death with secondary cell wall synthesis (Fig. 10) . The secretion of secondary cell wall precursors during differentiation is accompanied by secretion of the 40-kD protease, leading to increasing protease activity in the extracellular matrix as secondary cell wall synthesis proceeds. The secreted protease activates Ca 2ϩ influx, and upon realization of a critical extracellular activity of protease or the arrival of signal substrate, cell death is executed via Ca 2ϩ influx. The accumulation of protease in the extracellular matrix would thus act to measure the progression of secondary cell wall syn- thesis, and activates cell death only after a critical amount of secondary cell wall synthesis is achieved.
There are three possible mechanisms by which the secreted protease could activate Ca 2ϩ influx. First, the protease may release a signal molecule from the extracellular matrix that activates ligand-gated or receptor-activated Ca 2ϩ channels. Precedence for this mechanism is found in the hypersensitive response, which can be induced by "elicitor" molecules released from cell walls of pathogen or plant cells (Ebel and Cosio, 1994) . Second, the protease might sever connections between the cytoskeleton and the extracellular matrix, which signals cell death. Connections between the primary cell wall and the plasma membrane have been demonstrated for plant cells (Roberts, 1990) , and these connections must be severed or modified in TEs in the areas where secondary cell wall is synthesized between the primary cell wall and the plasma membrane. Specific arabinogalactan proteins have been immunolocalized to TEs (Dolan et al., 1995) and to cells predisposed to cell death in embryogenic suspension cultures (Pennell et al., 1992) , and represent potential targets for protease action. Third, it is possible that the protease could activate channels by cleavage of an associated receptor. The thrombin and PAR-2 receptors are activated by proteolysis of the amino terminus, leading to exposure of a self-tethered ligand (Vu et al., 1991; Santulli et al., 1995; Verrall et al., 1997) .
The extracellular matrix is of fundamental importance for the PCD of at least some animal cell types, and can be a primary regulator of apoptosis (Meredith et al., 1993; Frisch and Francis, 1994; Ruoslahti and Reed, 1994) . Disruption of the extracellular matrix is involved in PCD during normal development in mammals (Talhouk et al., 1992; Bourdreau et al., 1995; Coucouvanis and Martin, 1995) and during Xenopus laevis metamorphosis (Patterson et al., 1995) . Abnormal development, which leads to the loss of proper integrin-mediated contacts with the extracellular matrix, triggers PCD and may be a primary mechanism inhibiting neoplasia (Frisch and Francis, 1994) . The epidermal karatinocyte, an animal cell type that undergoes terminal differentiation and PCD, has been proposed to use a secreted Ser protease to trigger cell death (Marthinuss et al., 1995) , which is similar to the scenario we propose for TE cells in the present study.
The effects of the secreted protease must be confined to the dying cell, because neighboring cells are not killed by differentiating TEs. Previous observations indicate that such mechanisms exist. TEs contain a complement of hydrolases that completely degrade the contents of the cell, yet neighboring cells are not killed. The middle lamella is not hydrolyzed when a TE abuts a living parenchyma cell, but is hydrolyzed when two TEs differentiate side by side (O'Brien, 1970) . This observation could indicate that hydrolysis is actively inhibited by living neighboring cells. A whereas the ␣-casein-infused gel does show the 40-kD activity (arrow b), indicating that the activity was not simply obscured by the infused proteins, but was specifically inhibited by soybean trypsin inhibitor. Figure 9 . Timing of expression and characteristics of proteases expressed by differentiating TEs. A, Intracellular proteins (Cells) and proteins concentrated from media (Medium) of the same culture at the indicated times after culture initiation were assayed on protease activity gels as described in "Materials and Methods." After development, protease activities are recognized as clear bands resulting from hydrolysis of the gelatin substrate. At the time of harvest, the percentages of dead TEs were 0%, 20%, 49%, and 78% for the 72-, 84-, 88-, and 90-h cultures, respectively. Several intracellular protease activities can be seen (arrows a, c, d, and e), similar to the findings of Beers and Freeman (1997) and Ye and Droste (1996) . Protease activity is visible at approximately 40 kD (arrow b) in media after 84 h. The exact time during development that protease secretion commences cannot be determined directly from this technique, and accumulation of detectable protease activity in the medium may significantly lag behind the onset of secretion. Approximately 0.015 g of medium protein and 0.5 g of intracellular protein was loaded per sample. B, Aliquots of the same preparations of intracellular proteins (90-h culture) and medium proteins (88-h culture) were run on the same protease activity gel. After fractionation the gel was sliced into four pieces, and each piece was incubated in an activity buffer with the indicated pH overnight (see "Materials and Methods") before development. The 40-kD activity in medium proteins (arrow b) is detected only at pH 5. C, Aliquots of the same preparations of intracellular proteins (90-h culture) and medium proteins (88.5-h culture) were run on the same protease activity gel. The gel was divided in half, and one-half was immersed in ice-cold activity buffer containing 10 mg/mL soybean trypsin inhibitor (21 kD) and the other half was immersed in ice-cold activity buffer containing 10 mg/mL dephosphorylated ␣-casein (23 kD) for 45 min to allow the proteins to diffuse into the gels. Gels were then incubated at room temperature overnight before development. ␣-Casein has no protease inhibitory property, so it was used as a control for increasing background staining attributable to protein infusion into the gel. The soybeantrypsin-infused gel does not show the 40-kD activity in the medium, putative Ser protease inhibitor gene has been cloned from zinnia and is down-regulated in cultures at the mRNA level just before secondary cell wall synthesis and PCD (Ye and Varner, 1996) . We found that exogenous soybean trypsin inhibitor (a Ser protease inhibitor) blocks TE differentiation and cell death, raising the possibility that the endogenous Ser protease inhibitor could negatively regulate differentiation or cell death.
Extracellular proteases and their inhibitors have been shown to be vital components of fundamental developmental processes in animals. For example, a secreted Ser protease in Drosophila melanogaster encoded by the Easter gene proteolytically releases a ligand (derived from the product of the Spatzle gene) that activates the receptor encoded by Toll (Morisato and Anderson, 1995; Misra et al., 1998) . This pathway is responsible for establishing the dorsal-ventral asymmetry of the embryo. Our results indicate that secreted proteases may play important roles during plant development. Figure 10 . Model of the coordination of PCD and secondary cell wall synthesis during TE differentiation. A, Mechanically isolated mesophyll cells were induced to differentiate with auxin and cytokinin. B, After 24 h, the cells expand and some cells divide (not a prerequisite for differentiation). C, A number of molecular events presumably precede visible manifestations of differentiation, including the synthesis of hydrolytic enzymes that are likely sequestered in the vacuole. D, At approximately 72 h, differentiation is visibly manifested by the appearance of secondary cell wall thickenings. A 40-kD Ser protease (represented by dots in vesicles and cell wall) is secreted concomitantly with secondary cell wall materials (shaded vesicles), leading to an increase of extracellular protease activity as secondary cell wall synthesis proceeds. Approximately 6 h after the first appearance of secondary cell wall thickenings, a critical activity of protease is reached in the extracellular matrix, which triggers cell death, ending secondary cell wall synthesis. Cell death is initiated by an influx of Ca 2ϩ , leading to vacuole collapse and cessation of cytoplasmic streaming. E, Mixing of the hydrolytic vacuole with the cytoplasm leads to autolysis. F, The cell is completely cleared within 8 to 12 h, leaving the functional cell corpse composed of secondary cell wall. The secondary cell wall, represented here as having a stylized reticulate pattern, is drawn separated from the plasma membrane for clarity. 1°CW, Primary cell wall; 2°CW, secondary cell wall; PM, plasma membrane.
